The Douro River lower basin water quality was studied regarding its concentration on 18 trace elements (Be, Al, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, Tl, Pb and U, measured by ICP-MS). Other physicochemical parameters, such as pH, conductivity, dissolved oxygen and water temperature were also determined in situ.
Introduction
Each river basin is unique, but there is enough similarity in hydrological and ecological characteristics for them to serve as widely applicable and operational landscape units for general environmental monitoring (Barrow, 1998) . River basin water quality can be used as a reflection of the global environment that surrounds them, especially those located in urban estuaries. The quality of river water can play as an indicator of the pollution load on the environmental surroundings. Nevertheless even in highly polluted urban areas it is possible to maintain good water quality if there are efficient water treatment plants.
Among the main inorganic environmental pollutants usually found in estuaries, metals are of particular concern, due to their potential toxic effect and ability to bioaccumulate in aquatic ecosystems (Miller et al., 2002; Censi et al., 2006) . Metals may have both beneficial and toxic effects.
Despite the economic and social importance of Douro River lower basin there are very few works on the characterization of metallic pollutants and its bioaccumulation on food chain, and none after recent jetties construction. The Douro River estuarine sediments, which include both sandy and muddy components, have been shown in few reports to be contaminated by trace metals, although concentrations depend on sediment structure and location. Mucha et al. (2003; 2004; showed a clear signature of anthropogenic contamination for Zn, Cu, Pb and Cr, with metals content indicating possible toxicity for sediment biota. The potential effect of the progressive increase of trace metals on the efficiency of the denitrification has also been studied (Magalhães et al,. 2002; 2003; 2005a; 2005b) in the Douro River lower basin.
The aim of this work was to start a comprehensive environmental study to relate river water quality to other environmental compartments (sediments and air) and to assess the global environmental situation of Oporto. Therefore, the goals of this study were (1) to characterize the Douro River lower basin water regarding its main physicochemical parameters; (2) to determine the levels of a large panel (n=18) of trace elements [mostly metals; but also semi-metals (As, Sb) and non-metals (Se)] in Douro estuarine waters; (3) to evaluate possible seasonal and tidal variations in both main physicochemical parameters and trace element levels along the Douro lower basin; and (4) to assess its possible inputs (sources of contamination). A chemometric approach was used to evaluate changes observed.
Experimental

Study area
Douro River is the second most important river in Portugal. It travels a total of 927 km to flow into the Atlantic Ocean, 208 km being in the Portuguese territory.
Its lower basin is 22 km long (Figure 1 ). The seawater influence depends on the river flow and tidal magnitude.
The upper area is narrow and has a depth usually greater than 10 meters. In the lower area the width increases and the depth decreases (only exceptionally exceeding 10 meters in the main channel). The typical annual average flow at Crestuma/Lever dam is around 450 m 3 s -1 (ranging from 200 m 3 s -1 to 700 m 3 s -1 in dry and rainy years, respectively), with a marked seasonal flow variability. It is described that the residence time of water in this lower basin is less than 2 days (INAG, 2011) .
The last 8 km of the basin are located between the cities of Porto (north bank) and Vila Nova de Gaia (south bank), in a heavily populated region, with over 700,000 inhabitants -the Metropolitan Porto Area (MPA, which is the second most important metropolitan area of the country). This lower part of the basin receives largely untreated sewage from inhabitants of MPA and the discharges of a total of eight wastewater treatment plants (WWTP) (Azevedo et al., 2006) . The two main WWTP (Sobreiras and Freixo; Figure 1) At MPA, the manufacturing industries represent a significant part of the industrial structure, with a predominance of the traditional industries: clothing articles, metal products, textiles, food and beverages, non-electrical machinery, graphic arts, furniture, wood industries and electrical machinery.
Douro River mouth has recently experienced significant hydromorphological changes due to the construction of jetties, completed in 2008, to improve the navigational capabilities of its entrance and to provide protection to the Oporto city, often flooded by the North Atlantic Sea (Bettencourt et al., 2009) .
Samples collection
Four sampling campaigns were conducted during the period between October 2007 and July 2008, in order to characterize the four seasons. The four seasons studied were dryer than normal. Precipitation values were 28.1 mm during October 2007 (lower than the mean value of 120 mm for this month), 141.3 during January, 68.8 mm during March (quite low when compared to a mean value of 117 mm), and 9.4 during July (also dryer than usual) (SNIRH, 2011) . Standard water analysis methods (Clesceri et al., 1999) were used to collect the samples. River water (ca. 1 m depth from water surface) was collected using a peristaltic pump (Global Water, model WS3000, Gold River, CA, USA) at high and low tides, on 11 sampling sites (Figure 1) . A total of 88 samples (11 sampling sites x 2 tides x 4 seasons) were therefore collected. Sampling sites (SS) were chosen according to three main criteria: i) proximity to main WWTP -SS2, SS6 and SS10; ii) eight sampling sites were selected in the middle and upper part of the river using geographical considerations and taking into account the activities developed in the lower basin (SS3-SS5 and SS7-SS11); and iii) sampling sites SS1 and SS2 were selected to include the area near the mouth of the river.
The samples were collected into polyethylene containers, preserved by acidification with nitric acid (pH<2) and stored frozen until analysis. km; SS8 -17.9 km; SS9 -19.6 km; SS10 -20.9 km; SS11 -21.5 km (*S -Sobreiras WWTP; *F -Freixo WWTP).
Physicochemical analysis
Basic physicochemical characterization of the water samples was performed by determining pH, dissolved oxygen (DO), temperature, salinity and conductivity. All these parameters were measured in situ using a portable Consort, model C863 multi-parameter analyser (Turnhout, Belgium).
Trace element analysis
Trace element analysis was performed using a VG Elemental (Winsford, UK), PlasmaQuad 3 ICP-MS, equipped with a Meinhard ® type A pneumatic concentric nebulizer, a quartz water cooled impact bead spray chamber, a standard quartz tube torch and nickel sample and skimmer cones. Both the spray chamber and sampling interface were cooled to 10 ºC by circulating water. Argon of 99.9999% purity (Alphagaz 2™, supplied by Air Liquide, Maia, Portugal) was used as the plasmogenic gas. A Gilson (Villier le Bel, France), model Minipuls 3 peristaltic pump was used for sample introduction. The main operating conditions for ICP-MS determinations are indicated in Table 1 . Analytical procedure used was based on the U.S. Environmental Protection Agency (EPA) Method 200.8 "Determination of trace elements in waters and wastes by inductively coupled plasma -mass spectrometry" (Creed et al., 1994 ArCl were also monitored to correct for instrumental isobaric interferences. The instrument was tuned for maximum signal sensitivity and stability using 115 In as the target isotope. All samples were analyzed twice (two determinations in the same analytical run) after a single 1+1 dilution with internal standard solution (40 ppb of Sc, Y, In, Tb and Bi). Instrumental limits of detection (LOD) were calculated as the concentration corresponding to 3 times the standard deviation of 10 repeated determinations of the calibration blank signal. Results for Th were not considered because significant memory effects were observed and most samples presented concentration near or below the LOD, estimated as 0.090 ppb. Results for V were also only considered for sampling points SS8-SS11, because due to salinity, values obtained for other SS were too high, reflecting some isobaric interference ( 
Reagents and standards
Ultrapure water (resistivity > 18 MΩ.cm, 25 °C) produced with a Milli-Q RG Ultrapure Water Purification System (Billerica, MA, USA) and decontaminated plastic labware (by immersion in diluted nitric acid during at least 24 h and thorough washing with ultrapure water) was always used. 
Certified reference materials
Three certified reference materials were used to evaluate the accuracy of the analytical procedure: 1) ERM CA010a, sample 106; 2) ERM CA021a, sample 036, and 3) Analytical Reference Material TM-24.2, from National Water Research Institute, Environment Canada (Burlington, Ontario, Canada). Results are presented in Table 1 and show acceptable analytical accuracy.
Statistical data analysis
Descriptive statistics (mean, median, standard deviation, etc.) and mean comparison (t-test and oneway ANOVA) were calculated using Microsoft Excel for Windows data analysis tool. MATLAB version 6.5 software package (The Mathworks, Natick, USA) supported the entire chemometric data analysis, from data importing to visualization, multivariate analysis (Principal Component Analysis) and output artwork production.
Environmental sciences deal with systems characterized by inherent variability (natural, anthropogenic, spatial and temporal), with multivariate origin. Therefore, the revealing of relations, their limits and hierarchy should be a principal goal in the analysis of environmental systems. Principal Component Analysis (PCA) is a mainstream approach of modern data analysis. It is a traditional multivariate statistical method commonly used to reduce the number of predictive variables and solve the multicollinearity problem aiming to get a few linear combinations of the variables that can be used to summarize the data without losing too much information in the process. 
Results and Discussion
Physicochemical parameters
Results for the main physicochemical parameters of water samples are given in Table 2 . Conductivity values show an influence from seawater from sampling site SS1 to sampling site SS7.
A significant decrease in conductivity and salinity (data not shown) were observed in accordance to distance to the river mouth. Conductivities lower than 1 mS cm -1 and salinities lower than 1‰ were observed for SS8-SS11, reflecting the natural river composition (Figure 2a ). Due to seawater influence, conductivity was higher at HT. Mean values were higher in October and lower in March, and quite similar in January and July, which may reflect the influence of precipitation on river flow (Figure 2a ).
Mean pH value for the 88 water samples was 7.74±0.37. From SS1 to SS7, due to seawater influence, pH values tend to be higher at HT (7.78±0.33) than at LT (7.60±0.48) with Canadian Environmental Quality guidelines recommended water quality criterion for protection of fresh water aquatic life (6.5 -9) never being exceeded (CCME, 2011). Significant seasonal differences were found. pH values were significantly different, the higher difference being between July (8.12±0.23) and January (7.41±0.25) (P < 0.0001) (Figure 2b ), probably due to increased surface runoff during raining seasons.
Water temperature was significantly higher in July/October than in March/January (Figure 2c ). Mean water temperature values tended to be higher in HT than LT (18.4±6.7 and 16.6±5.6 ºC, respectively), but the difference was not statistically significant (P = 0.1751). This is a result of environmental and seawater temperature influences. It must be noted that, except for March, all sample collections were performed during the morning for LT and in the afternoon for HT.
Mean values for DO were significantly different (P < 0,0001) at the four sampling collections, higher in March and July and lower in January and October (Figure 2d ). The dissolved oxygen content of natural waters depends on a complex interaction of several factors: atmospheric pressure, temperature, salinity, turbulence and photosynthetic activity of algae and plants in the water body. Regarding temperature, the colder the water the more oxygen can be dissolved. In our study, colder water temperatures were observed in January and March, and higher DO was observed in March, which is in accordance to the expected trend). However, since DO values were quite lower than the oxygen saturation level in water, other factors must be involved, strongly influencing the DO levels found. One is probably an increased demand of oxygen in the system observed in October, since Autumn leaf fall, in combination with low flow (during dry seasons, water levels decrease, the flow rate of a river slows down and water mixes less with the air), has been shown to create seasonally low oxygen concentrations. In January we may still have an increased demand of oxygen together with a decreased photosynthetic activity (and a decreased photosynthetic activity results in decreased DO). The high DO values found in July (despite the warmer temperatures) can be explained by the intense sunlight and intense photosynthesis of aquatic biota.
A significant number of samples (55.7%) presented DO levels below 5.0 mg l -1 , a value widely assumed as the limit where aquatic life is put under stress. The lowest mean values were found at sampling sites SS2, SS6, SS8 and SS10. All these sites are located near WWTP or at the confluence of a highly polluted tributary (Sousa River) (SS8).
Trace element levels
The results for the set of 18 elements determined in Douro River water samples are summarized in Table 3 . For comparison purposes, results published for other European rivers (Guadalquivir -due to geographical proximity -and Vistula -due to its known high trace metals contamination) are presented.
The mean values for each metal at each site were compared with values for aquatic life limits according to Water Quality for the Protection of Aquatic Life from the Canadian Environmental Quality Guidelines (CCME, 2011). In the situations where a high percentage of the results obtained were below LOD those values were replaced by value LOD/2.
The following are some highlights of the results obtained. Aluminum mean concentration was 83.4±32.4 ppb, and levels tend to be quite constant with some sporadic high levels, reflecting occasional discharges (anthropogenic origin) (Figure 3Al ). Values were significantly higher at SS8, the mouth of Sousa River, a highly industrial-polluted tributary of Douro River, where an industrial origin is probably the main source of metals in water. Higher values were also found at SS4 and SS2. The proximity of WWTP, where aluminum sulfate is commonly used as primary coagulant might explain these values (the highest Al value found -201 ppb -was obtained at SS2, were WWTP effluent is discharged into Douro river). Chromium mean concentration, considered as Cr(VI), the most toxic Cr species (Group 1, according to IARC's classification) (IARC, 2011) was significantly higher than data presented as aquatic life limit (CCME ,2011). This probably reflects industrial sources of contamination (concentrations of 5-20 ppb in the Rhine River, and 10-40 ppb in the Elbe River are described) (Lenntech, 2011) , since Cr is widely used as an alloying and plating element on metal and plastic substrates for corrosion resistance, as pigment and metal finishing (Callender, 2003; Cornelis et al., 2005) . Cr mean levels at the different sampling sites showed some kind of association with WWTP (see Figure 3Cr and Figure 1 ), since highest Cr mean levels were found at SS1 and SS2 and at SS9. Interestingly, and despite the high metallic contamination of this river regarding, namely, Al (see above), Mn and Co (see below), Cr mean level was lower at SS8, the mouth of Sousa tributary.
Manganese showed a quite constant concentration level along the studied area, with a mean value of 16.3±5.9 ppb. When compared with the mean level for the other sampling sites, a significantly higher level was found at SS8 (Figure 3Mn ), suggesting contamination of industrial origin. As previously referred, this sampling site (SS8) corresponds to the mouth of the Sousa River (see Figure 1) . On the contrary, a significantly lower level (11.23±4.11) was found at SS1 (with lower values at HT), reflecting the lower seawater Mn concentration.
The highest Co value was also observed at SS8 and on the same sample (January, HT) as for the highest Mn value (Figure 3Co ), reflecting a common industrial contamination source. The concomitant presence of Mn and Co at high concentrations in river water affected by sewage effluents has been reported (Mendiguchía et al., 2007) .
Nickel highest values were found at SS5 (46.7 ppb), SS7 (43.4 ppb), SS9 (40.7 ppb) and SS11 (26.1 ppb) (Figure 3Ni ), sampling sites where agriculture is the predominant activity in the surrounding area ( Figure  1 ), which is a finding consistent with previously published results (Mendiguchía et al., 2007) . Probably due to higher occasional leaching from agricultural soils, the above referred highest values were all found in October, which corresponds to significant seasonal differences in Ni levels
Copper distribution along the studied area also suggested an agricultural origin. The highest concentrations (almost reaching 20 ppb) were observed in October at sampling sites in the middle and upper zone of the studied area (Figure 3Cu ). Previously published studies (Mendiguchía et al., 2007; Linde et al., 2005) also reported higher values during rainy seasons, probably due to increased leaching processes of agricultural soils.
Arsenic compounds in agricultural products such as herbicides and fungicides and combustion of fossil fuels is a predominant source of environmental As pollution. 34% of samples collected exceeded aquatic life limits (CCME, 2011).
Selenium mean value exceeded in 10 times the aquatic life limit, but 68% of samples presented values below LOD.
Molybdenum mean value was 1.91±1.96 ppb. Mo concentrations presented a consistent gradual decrease from SS1 (5.78±2.52 ppb) to SS7 (0.88±0.25 ppb), and became approximately constant (ca. 0.5 ppb) thereafter (Figure 3Mo ), in a quite parallel manner to salinity/conductivity levels ( Table 2 and Figure 2a ). This may reflect the influence of seawater, where Mo levels are typically in the order of 10 ppb (Turekian, 1976) . Mean values were higher in SS9 and SS6 than in neighborhood, reflecting some influence of WWTPs, and lower in SS8, reflecting a significantly different Sousa River water composition (Figure 3Mo ).
Cadmium data obtained in this study are in-line with a trend for low Cd in river waters (Figure 3Cd ) (Nixon, 2011) . About 28% of samples had Cd concentrations lower than the LOD (0.012 ppb).
Lead mean value found was 5.36±12.29 ppb (median = 1.49 ppb), with no significant spatial differences.
The highest values were found at SS2 in January and SS5 and SS9 in October, also suggesting some association with WWTP. Samples exceeded WHO guidelines for drinking water (WHO, 2011) in 15% of the samples analyzed.
Uranium water levels are highly influenced by geological factors. Dissolved U in river water is primarily a result of weathering processes on rocks and soils. River water concentrations of U may also increase due to the application of phosphatic fertilizers to agricultural fields (Tagami and Uchida, 2009) . Uranium mean value in Douro River water was 1.29±0.63 ppb. (Figure 3U ). A significantly lower value (P = 0.0003) was found at SS8 (0.55±0.28 ppb), the mouth of Sousa river, indicating that it travels through a different geological region. Thereafter (SS9 to SS11), U levels became approximately 0.9 ppb, which can be considered the natural background level of U in Douro river water. This mean level of U in Douro River water should be regarded as non-critical according to current water quality guidelines for the protection of aquatic life (long-term exposure: 15 ppb) (CCME, 2011).
(c) Figure 3 (a, b and c) . Trace element levels (ppb) at the different 11 sampling sites (mean values for the 8 samples: 4 seasons x two tides). Legend:  October LT; ■ October HT; ▲ January LT;  January HT;  March LT;  March HT; ▼ July LT;  July HT.
Multivariate data analysis
Principal component analysis (PCA) is the most widely used method of multivariate data analysis when a dimension reduction is necessary (Naes et al., 2002) . The results from a PCA performed in order to unveil correlations among the different water parameters analyzed are presented and discussed in next sections. PCA was applied to both main water physicochemical parameters (pH, DO temperature and conductivity) and trace element concentrations. In order to normalize all variables, data were previously auto-scaled before PCA.
a) Main physicochemical parameters
Results for PCA of the main water physicochemical parameters measured in the 88 river samples are presented in Figure 4a . Seasonal discrimination was achieved by considering first and second principal components (PC1 and PC2), which captured 71.7% of total variance. PC1 captures the differences in pH and DO, showing a positive correlation between these two parameters (Araoye, 2009; Makkaveev, 2009) . Samples from July presented higher pH values, while January samples presented lower pH values. Regarding DO, samples from March had the highest values and October the lowest DO values. On the contrary, these variables (pH and DO) were negatively correlated with conductivity and temperature. PC2 captures the variation of these variables. October and January are characterized by both low pH and DO values, since cold seasons have less sunny periods, which affect photosynthetic rates. Samples from October and July were discriminated from the samples from January and March by their temperature and conductivity values (higher in the first two months).
b) Trace elements
A PCA was performed for the whole data set (18 trace elements in 88 samples). Results lower than LOD were replaced by zeros. Loading plot for the whole data set, considering a two-component model, retained 40.7% of the total variance (Figure 4b ).
Some clusters are visible, reflecting some degree of correlation among some trace elements. Particularly, trace elements such as Ni, Zn and Cu are highly correlated. This correlation was maintained even when only sampling sites not affected by tides were considered (SS8-SS11), reflecting an eventual common source. It is also observed that Be, Al, and Mn had a distinct profile from all the other elements, with a tendency for lower values near the river mouth. Some correlation (weaker) seems also to exist between Cr and Pb and Cd, Co and Mo. Metals close to the chart origin (Sb, Ag and Ba) showed low variability.
The spatial and seasonal distribution of the studied trace elements along the 22 km of Douro river lower basin was also evaluated using the PCA model. Figure 4c shows the first principal component (PC1) represented according to the distance to the river mouth. A clear relationship could be observed up to SS7, which indicates that the major changes on trace element levels occur within the first 10 km from the river mouth. From the analysis of loadings on PC1 (Figure 4c) , the trace elements which showed a higher systematic tendency for decreasing levels along the river in the upstream direction were Cr, Co, Mo, Cd and U. An inverse tendency was observed for Be, Al and Mn.
Regarding seasonal variations, PCA shows a discrimination of October (mainly due to higher levels of Cu, Zn and Ni) and July (mainly due to higher levels of Co, Cd and Mo) (Figure 4c ). January and March were not separated, and showed lower levels of all the analyzed trace elements, except for Mn, Al and Be. Figure 4c also shows that major variations on trace elements concentration occur in July and October. 
Conclusions
The Douro River lower basin water quality was studied by analyzing its main physicochemical parameters and trace element levels.
The main conclusions can be summarized as follows:
 Taking as reference the WHO guidelines for drinking water, the quality of Douro River water in this area can be regarded as acceptable except for DO, where a significant number of samples presented levels below 5.0 mg l -1
. When we use as reference recommended aquatic life limit criteria for fresh water we can conclude that for most of the elements the mean values found were in accordance to aquatic life limits (except for Cr, Se, Ag), but in some of the samples occasional high levels were found for trace elements, reflecting occasional/local inputs into the river (aquatic life limits were exceeded for Al, Cr, Zn, As, Se and Tl).
 Important spatial differences were observed. It was shown that seawater significantly affects estuarine water composition up to sampling site SS7 (ca. 11 km from river mouth). Except for a few cases (Be, Al and Mn), typically the trace element levels tended to increase in the downstream direction. This may be a consequence of increased inputs along the basin and/or sediment resuspension (note: samples were directly analyzed, i.e., not filtered). For Mo, the relatively high seawater level is an additional factor for this trend. In the middle of the studied area some trace elements related with agriculture (e.g. Cu, Ni and Zn) were present at higher levels.
 Sampling site SS8 -located at the confluence of Sousa River with Douro River -showed a distinct trace element profile, with significantly higher levels of some trace elements (e.g., Al, Mn, Co) and significantly lower levels of other (e.g., U and Cr). Some trace element also showed an association with WWTPs (e.g., Cr, Sb and Pb).
 Important seasonal differences in trace element levels were also found. For example, October samples were generally characterized by higher Ni, Cu, Zn and Pb levels.
In order to fully assess Douro lower basin trace element contamination, and to get further information on environmental quality of this important ecosystem, further monitoring studies are in progress, namely on sediments (considered to be active compartments with a playing role in redistribution of metals to biota) and on aquatic organisms, acting as bioindicators of uptake and bioavailability of some heavy metals, and air quality.
